Background: Customizing monitor alarm settings to individual patients can reduce alarm fatigue in intensive care units (ICUs), but has not been widely studied. Objectives: To understand ICU nurses' approaches to customization of electrocardiographic (ECG) monitor alarms. Methods: A convergent mixed methods study was conducted in 3 ICUs in 1 hospital. Data on the type and frequency of ECG alarm customization were collected from patient monitors (n=298). Nurses' customization clinical reasoning was explored through semi-structured interviews (n=27). Results: Of the 298 patients, 58.7% had ≥1 alarm(s) customized. Heart rate limits, irregular heart rate, and atrial fibrillation were the most commonly customized alarms. Interviews revealed that customization practices varied widely and were influenced by factors including clinical expertise, lack of customization education, and negative experiences. Conclusion: Alarm customization is nuanced and requires adequate support to develop safe and effective practices. The challenges identified can inform development of strategies to improve alarm customization.
Introduction
Physiologic monitor alarms are meant to enhance patient safety by alerting clinicians to changes in patient conditions and technical problems. However, fewer than 15% of monitor alarms in intensive care units (ICUs) may be accurate or immediately relevant to patient care. [1] [2] [3] [4] Excessive false and irrelevant (non-actionable) alarms lead to alarm fatigue, a condition in which nurses are more likely to assume that alarms are not true or important. Alarm fatigue can cause delayed response to alarms and missed true events, ultimately compromising patient safety. 5, 6 One intervention for reducing the number of alarms and improving their relevance to patient care is the customization of physiologic monitor alarm settings to reflect individual patient conditions, sometimes referred to as adjusting, tailoring, or individualizing alarms. Customization is different than creating new default alarm configurations for an entire unit or patient population because it focuses on the individual patient. Customizing alarms requires the nurse to determine safe alarm settings for each patient, so that irrelevant alarms are minimized, but clinically significant events still trigger an alarm. Nurses' clinical reasoning about how to customize alarm parameter settings likely follows the same trajectory as other clinical reasoning processes, influenced not only by patient data, but also by contextual factors, such as the cultural context of the unit, workflow, and nurses' knowledge and judgments about patients. implement policies indicating who can set, change, or disable alarm settings and when; however, we have limited understanding of how nurses approach alarm customization. The purpose of this study was to generate an understanding of ICU nurses' customization of electrocardiography (ECG) alarms on physiologic monitors, by describing their customization practices and exploring their clinical reasoning and judgment about the process.
Methods

Design
We used a convergent parallel mixed methods design, in which we collected and analyzed quantitative and qualitative data as two independent study arms, and then integrated the results. 15 , 16 We used a descriptive design for the quantitative arm to examine the types and frequencies of ECG alarms customized, and a qualitative interpretive descriptive approach 17 to explore nurses' clinical reasoning and judgment about customization (Fig. 1) . In the present article, we report the integrated results of the study, focusing on the findings from the qualitative and the quantitative arms that clarify and inform one another. We defined alarm customization practices as any changes made to alarm settings on the physiologic monitor, including widening or narrowing alarm limits, or deactivating or activating alarm types.
Setting
We conducted the study in three adult ICUs in a single academic medical center in the northeastern United States. The ICUs have a total of approximately 283 nurses. The three units have different patient populations (medical, cardiac, and surgical) and varying alarm reduction strategies in place. Hospital policy allows nurses to customize alarms based on patient condition. All three units use Philips patient monitoring systems (Philips Healthcare, Andover, MA). We obtained study approval from the affiliated Institutional Review Board.
Sample
Quantitative. We used a convenience sample of patients' physiologic monitor ECG alarm settings to obtain data on the types and frequencies of ECG alarms customized. We collected data weekly over approximately 2 months and included all physiologic monitors in active use on patients at the times of data collection. Monitors were excluded if settings for that patient had already been reviewed at a previous visit. We collected physiologic monitor alarm settings for 298 unique patients: 147 in the 56-bed medical ICU, 71 in the 14-bed cardiac ICU, and 80 in the 24-bed surgical ICU. We obtained data from 104 monitors on night shifts and 194 on day shifts.
Qualitative. During the same period, we recruited nurses from the three ICUs for interviews on customization clinical reasoning. All permanent staff nurses from these units were eligible to participate. We used purposive sampling to achieve maximal variation by years of ICU experience, level of nursing expertise, and shift worked. We asked nurse managers and educators to help identify nurses' level of expertise, as expert nurses are not necessarily defined by years of experience alone. Recruitment continued until we reached data redundancy, resulting in a sample of 27 nurses. Participants provided written informed consent.
Data collection
Quantitative. To obtain the quantitative customization data, one author (HR) compared settings for ECG alarms at the time of data Fig. 1 . Study design schematic, using a convergent mixed methods design. 15 collection to the default alarm settings for the unit. From the central station, the number and types of ECG alarms customized by activating or deactivating alarms, or changing alarm limits, as well as the amount that the limits were changed from the default settings, were recorded manually onto forms. One author (HR) rechecked 10% of the forms for accuracy, scanned all forms into Microsoft Access ® , and manually confirmed data against the original forms. Table 1 displays the types of ECG alarms included in this study and default alarm settings for each unit. The major difference across the units was that in the medical ICU the premature ventricular contraction (PVC) alarms were defaulted to inaudible visual alerts.
Qualitative. One author (HR) conducted semi-structured telephone interviews with the nurses recruited from the three ICUs. We used Tanner's model of clinical judgment 7 to develop interview questions to elicit factors related to nurses' clinical reasoning (e.g., What do you see as the purpose of customizing alarms? How do you determine by how much to change an alarm limit? Tell me about a time you had a negative experience as a result of customizing alarms, or alarms in general.). We collected demographic data from the nurse participants and thanked them with a $30 gift card.
Data analysis
Quantitative. We conducted univariate analyses of customization data using SAS 9.4 (SAS Institute Inc., Cary, NC). We calculated customization frequency for each type of alarm and the changes in alarm limits from the default setting. We examined the data within and across the three ICUs.
Qualitative. We analyzed nurse demographic data using SAS 9.4. We analyzed interview data concurrently with data collection. Interview length ranged from 22 to 62 min (mean 35 min). A professional transcriptionist transcribed the interviews, and one author (HR) confirmed transcripts with the original recording. We de-identified the data for confidentiality, and used thematic analysis 18, 19 as the approach for data analysis. We used Atlas.ti version 7 (Berlin, Germany) for coding and to maintain an audit trail of activities and decisions as well as reflective memos. The transcripts were initially coded by one author (HR) with secondary review by another (HPK), an expert in qualitative analysis. Differences in interpretation were resolved through discussion until consensus was reached. Using the refined coding structure, five interviews were re-coded by two analysts until >80% agreement was achieved. One author (HR) recoded all interviews. We then developed codes into themes.
Integration. Once quantitative and qualitative data analyses were complete, we merged the findings, using side-by-side comparison. 15 We examined how the customization practices (quantitative) reflected the clinical reasoning processes (qualitative). We also explored convergent and divergent data, by comparing frequency of alarms customized from the quantitative data with nurses' discussions of types of alarms they most frequently customized. We could not identify the specific nurse responsible for the alarm settings in the quantitative data, so we could not match nurses from the qualitative arm to the quantitative arm.
Results
Although we focus on reporting the integrated results of the study, the following sections provide a brief overview of the independent quantitative and qualitative results.
Quantitative
Alarm customization practices identified in the quantitative data are presented in Table 2 . Monitors had a mean of 1.6 (± 2.3) ECG alarm types customized (range 0-14; median 1, interquartile range 0-2). Of the 298 patients' monitors reviewed for the study, 58.7% (n=175) had one or more alarm(s) customized, either by changing a limit or by activating or deactivating an alarm; 49.0% (n=146) of the 298 patients' monitors had at least one alarm customized by changing an alarm limit and 32.9% (n=98) had at least one alarm activated or deactivated from the default setting.
Qualitative
Characteristics of nurse participants are in Table 3 . The 27 nurse participants were primarily women (92.6%), with a bachelor's degree in nursing (92.6%), and had worked in an ICU for a mean of 10.5 ± 9.5 years (range 0.5-28 years). In the thematic analysis, we found that many factors influenced the clinical reasoning process for alarm customization. We identified four themes that captured these interrelated factors: (1) unit alarm culture and context, (2) nurse attributes, (3) motivation to customize, and (4) customization "knowhow." Both the unit alarm culture and context and nurse attributes (education, knowledge, experience, and "style") influenced the ways in which nurses engaged in clinical reasoning and judgment about customization. To engage in customization, nurses needed a specific motivation to customize (which included motivators like colleagues' or patients' frustration with alarms, a personal alarm philosophy, or fear) and customization "know-how" (both a clinical and technical understanding of how to customize). Ultimately, nurses' customization decisions varied depending on the interaction of these four themes.
Integrated analysis
In the following section, we highlight the integrated results, which focus on frequency of alarm customization and the most common types of alarms customized (high and low heart rate limit alarms, On On On * Alarms that are indicated "Off" in this table still generate inaudible visual alerts. ICU = intensive care unit; PVC = premature ventricular contraction; VTach = ventricular tachycardia; SVT = supraventricular tachycardia; ECG = electrocardiography; SVB = supraventricular beats; bpm = beats per minute. irregular heart rate and atrial fibrillation alarms, and PVC alarms). We integrated three of the qualitative themes (nurse attributes, motivation to customize, and customization "know-how") directly with the quantitative data. The fourth theme, unit alarm culture and context, provided a context in which to think about nurses' customization practices, but could not be directly integrated with the quantitative data. The subthemes of unit alarm culture and context that influenced nurses' customization included unit leadership (whether leaders on the unit actively encouraged customization), staffing and teamwork, and the amount of alarm burden and alarm fatigue experienced by nurses. The following quotation illuminates the value of positive alarm culture on alarm management for a newer nurse:
… you get a lot of feedback from your colleagues, especially when a patient is alarming a lot, where they'll talk through the patient's situation with you, and either you'll change parameters or end up asking for more help in the room … and then the other thing is we pass patients back and forth with one another every day, so sometimes we can help contextualize the patient's condition with one another. I think overall it's super positive and makes us work more closely together. (P19, line 66)
1
Frequency of ECG alarm customization. Although 58.7% of monitors had at least one alarm customized at the time of data collection, nurses reported considerable variation in how often they customized alarms. The frequency with which nurses customized was influenced by an interplay of the themes, particularly nurse attributes and motivation to customize. Some nurses reported that they or others did not customize some alarms, for reasons including lack of confidence or a previous experience in which an inappropriately customized alarm resulted in a missed event. Negative experiences led some nurses to be more cautious about customizing alarms. One nurse explained, Some of the nurses with more experience refuse to turn off any alarm because they've seen so much, and something strange has happened, they've had an acute event that's bizarre and … Other nurses spoke confidently about the process of customizing alarms but then said they only needed to customize alarms "once a week," "a quarter of the time" or "rarely," because they thought the default settings were generally appropriate for their patients. Still other nurses reported that not only did they customize alarms for every patient, they would also often customize multiple times throughout the shift due to changes in patient condition. These nurses were usually more experienced and conscientious about reducing alarms. The need to customize alarms regularly seemed obvious to them as part of their responsibilities.
I mean if you're in the room and you're paying attention to your patient, you should be customizing the alarms as the night goes along. (P8, line 100) Despite the variation in frequency of customization, nurses in this study were aware that customization was within their scope of practice. They generally reported that their main source of 1 P=study participant number; followed by the line number in the transcript. * Note that these indicate whether alarms were customized from unit default settings-PVC and some ventricular arrhythmia alarms are defaulted Off in Medical ICU and On in Cardiac and Surgical ICUs, along with other minor differences (see Table 1 ).
† Percentages are column percent; percentages do not total 100 because alarm categories are not mutually exclusive. PVC = premature ventricular contraction; VTach = ventricular tachycardia; SVT = supraventricular tachycardia; ECG = electrocardiography; SVB = supraventricular beats; SD = standard deviation; IQR = interquartile range. education on customization came from their preceptors when they were new nurses. Through these channels, unofficial ground rules and warnings about customization were passed down.
Types of ECG alarms customized. The quantitative data on types of alarms customized (Table 2) were corroborated by the nurses as they described confidence customizing some types of alarms and challenges customizing others.
High and low heart rate limit alarms. The most commonly customized ECG alarm limit in the quantitative data was high heart rate (n=108, 36.2%), followed by low heart rate (n=62, 20.8%). Of those customized, the median change in high heart rate limit was +15 beats per minute (bpm) (mean 22.2 ± 19.2) and median change in low heart rate limit was +5 bpm (mean 2.1 ± 10.7). Of the high heart rate alarm changes, 38.0% (n=41) were within ±10 bpm of the default setting (120 bpm). Customized high heart rate limits ranged from 110 to 250 bpm. Of the low heart rate limit changes, 83.9% (n=52) were within ±10 bpm of the default setting (50 bpm). Customized low heart rate limits ranged from 30 to 80 bpm. About half of the patients whose monitor alarm settings were reviewed in the medical ICU (52.4%) and surgical ICU (50.0%) had high and/or low heart rate alarm limits customized, compared with 32.4% in the cardiac ICU.
We noted considerable variation in the qualitative data about how nurses described setting heart rate alarm limits and how comfortable they felt changing them, which was reflected in the themes nurse attributes and customization "know-how." Some newer nurses (either new to nursing or new to the unit) were challenged by the lack of explicit rules for customization. Although they understood that sound clinical reasoning was required for customization, they lacked confidence or lacked awareness of the practice norms of the unit. One nurse explained how this contributed to variation in heart rate limit settings.
I think if you gave the same patient to a few different nurses they might [set] the limits similar but different by a little bit. So, it's not really a cut and dry rule … I wish there was a rule, but there's not really a rule, like … if the patient heart rate has been in the 70s, put the goal plus and minus 20 beats … it's not really like that. It's more just based on your judgment and what you think are the anticipated concerns for this particular patient … you should change it based on your comfort and everyone is a little bit different. (P14, lines 94-96)
To manage uncertainty, newer nurses relied on other nurses, orders, and the care team to help determine what parameters were acceptable for their patient. In contrast, experienced nurses described relying on their own knowledge of the patient and goals of care for customization decisions; no one set of rules for customizing could be applied to every patient situation. One expert nurse described the assessment required for customizing for a very low heart rate, where slight changes could be consequential.
If my patient comes in for a complete heart block, their heart rate is chronically in the 20s or 30s, and they're maintaining their blood pressure and they're coherent and they're hemodynamically stable, if their heart rate is 25 and they're OK and they've been OK like that for several hours for me, I will drop my parameter to 24 . I mean that's how narrow that margin is going to be. Because maybe their heart rate is OK at 25, but maybe they won't be OK at 24. (P8, line 66)
Of the 140 patients with a high and/or low heart rate limit customized, 115 patients (82.1%) had heart rate alarm limits that spanned a wider range than the default setting, and 21 patients (15.0%) had heart rate alarm limits that were narrower than the default setting. One nurse explained that widening and narrowing alarm limits may relate to nurses' experience level:
I think maybe newer nurses, who one would hope would be kind of nervous, would be the ones to really keep tight alarm parameters. They want to know everything. And then some of the more experienced ones are willing to make the parameters wider… I think all nurses are willing to adjust their alarms to their preference. Some just are more confident and say, 'no, I don't need to know that, I can turn that alarm off.' Whereas newer nurses [think] , 'well what if X, Y, and Z.' (P26, line 68)
Only one nurse noted the potential importance of adjusting high and low heart rate limit alarms together. She explained:
I would increase [the low heart rate limit] to probably 80 if I have someone running in the 100's to 110's. I wouldn't really let it go that low, I'd want to know if he dropped… (P4, line 68)
The nurse recognized that the default alarm settings may not allow for identification of a clinically relevant change in heart rate for some patients; in this case, a relative bradycardia. However, the quantitative data showed that only 30 patients had both the high and low heart rate limits customized.
Another challenge identified was that some nurses (regardless of experience level) did not seem familiar with the default alarm settings, even for the most commonly customized alarms, such as heart rate. Misconceptions included that the default settings were "normal" heart rate values of 60-100 bpm (the default settings are 50-120 bpm), or that there were no default settings and the settings just carried over from the previous patient in that bed spot.
Atrial fibrillation and irregular heart rate alarms. The most commonly deactivated alarm types in the quantitative data were irregular heart rate (n=70, 23.5%) and atrial fibrillation (n=58, 19.5%). For 54 patients (18.1%), both irregular heart rate and atrial fibrillation alarms had been deactivated. These findings were consistent with qualitative findings, in which almost all nurses reported atrial fibrillation as one of the alarms they most commonly customized. They expressed comfort with deactivating atrial fibrillation and irregular heart rate alarms for patients in chronic atrial fibrillation, because the condition was so common among patients and usually required no intervention. However, new onset atrial fibrillation presented a challenge, particularly for newer nurses. One nurse explained that she was concerned that she would forget to put the alarm settings back once the condition resolved.
I guess what I'm trying to say is one of the challenges is finding the appropriateness of turning off certain alarms … for example, going back to the a-fib [atrial fibrillation] one, if they come out of it, then you have to remember … they converted to sinus, let me put the a-fib [alarm] back on so that if they do go back into it, then I'll know … (P16, line 18)
Particularly among newer nurses, the concern of forgetting to revert alarms to their previous settings limited their customization of alarms during acute events.
PVC alarms. In the cardiac and surgical ICUs, most PVC alarms were defaulted "on," but in the medical ICU, almost all PVC alarms were defaulted "off" (inaudible alerts) ( Table 1 ). PVC alarms included those for R-on-T PVCs, multiform PVCs, run of PVCs, pair of PVCs, PVC rate, ventricular bigeminy, ventricular trigeminy, and ventricular rhythm. Of the 40 patients with at least one customized PVC alarm, 26 (65.0%) were in the cardiac ICU. In the interviews, the cardiac ICU nurses most readily discussed PVC alarm customization. One cardiac ICU nurse explained some of the nuances of customizing PVC alarms.
… if your patient just had a STEMI [ST-elevation myocardial infarction], they're going to have a reperfusion ectopy, they're going to be throwing PVCs and PACs [premature atrial contractions] … so you can probably turn that off. But what you want to turn on then is if they have a run of like 10 or more PVCs in a row, because you really want to know if they are not getting good cardiac output, but you don't want to know every time they throw one [PVC] … (P22, line 98) Particularly in the cardiac ICU, nurses' customization was sometimes challenged by the complexity of their patients' rhythms. One nurse with >20 years of experience explained:
The frustration with that is sometimes some other arrhythmias mimic V-tach [ventricular tachycardia] on the monitor. Like, a bundle branch block will look like a wide complex tachycardia and this is where you come into the most frustrating part where you constantly have false alarms but you can't shut off the V-tach alarm … it is so noisy and frustrating. (P5, lines 80-82)
Nurses reported that these kinds of patients often caused alarm fatigue on the unit because the nurses could not figure out how to customize the alarms effectively, which is reflected in the technical aspect of the qualitative theme customization "know-how."
Discussion
We integrated quantitative data on the frequencies and types of customized ECG alarms with qualitative data on nurses' clinical reasoning and judgment about alarm customization in three ICUs, to illuminate both the scope and process of customization. Alarm customization is often cited as a promising method for reducing excessive alarms 5, 20, 21 and has been included as part of alarm management quality improvement interventions. [11] [12] [13] However, customization is a complex process and little is known about the challenges nurses face when customizing alarms; our study adds insight to this process. To our knowledge, only one other study has reported alarm customization rates, and although measured differently, our findings on heart rate limit customization rates in the medical ICU and surgical ICU were consistent with their findings. 10 In our study, almost 59% of patients had at least one alarm customized; however, this does not mean 59% of nurses customize alarms-a few prolific "customizers" could be responsible for many of the changes, and indeed we found variation in nurses' customization practices and confidence. Importantly, frequent customization is not an indication of effectiveness or safety of the customization, and default alarm settings may be appropriate for some patients. We considered any changes to alarm settings to be "customized" but whether the nurse was actually personalizing to the patient's condition was not known to us. Inappropriate customization can be dangerous if an important event is missed; improper alarm settings are one major factor that The Joint Commission has identified as a contributor to adverse alarm events. 6 Concern over nurses' ability to customize alarms safely likely fuels some institutions to implement policies that restrict nurses' ability to customize alarms without an order. 22 For example, nurses' customization of alarms may be restricted to a certain percentage or value of the default setting. However, we found that only about 38% of the changes to the high heart rate alarm were within 10 bpm of the default setting. Restrictions to customization may not sufficiently account for inherent variation in ICU patient vital signs and should be evaluated for their ability to reduce unnecessary alarms while still assuring patient safety.
To facilitate safe and effective customization, appropriate educational support is needed. The results of this study demonstrate variation in nurses' customization practices, caused in part by uncertainty among newer nurses. The results also highlight specific challenges that can be used to develop education to standardize customization practices. First, we found that most heart rate limit customization involved changing only the high or low heart rate limit, rather than adjusting both, resulting in wider limits than the default settings. Wider alarm limits create the potential for a clinically significant change in the patient's heart rate to be missed (i.e., a relative tachycardia or bradycardia). Nurses should consider customizing high and low limits together.
Second, we noted unit-specific differences, highlighting the need for unit-based education on alarm customization. For example, in units with audible PVC alarms, like the cardiac ICU in this study, in-depth education on options for customizing PVC alarms is needed, whereas for units where PVC alarms are defaulted to inaudible, education may be focused on awareness of the visual alerts.
Finally, nurses in this study were frustrated when they could not figure out how to customize specific patients' arrhythmia alarms, even though the patient was stable. This finding is consistent with a study demonstrating that most arrhythmia alarms came from a small number of patients and were often associated with the presence of a bundle branch block or ventricular pacing. 20 More sophisticated arrhythmia algorithms to address false and irrelevant alarms are needed. 3 Nurses also need sufficient understanding of ECG monitoring to properly customize alarm settings, but research suggests that nurses may have ECG monitoring knowledge deficits. 23 
Implications for practice and research
Interprofessional alarm management committees are critical to effective alarm management strategies, 24 and part of their role should include developing comprehensive customization policies. Committees should evaluate the current culture toward alarm customization, whether nurse-driven alarm customization is expected or restricted, and the potential implications of such policies on alarm reduction and how nurses monitor patients. Additionally, committees can identify specific patient populations (e.g., by medical condition or age) for whom standardized default alarm profiles may reduce the customization burden.
Managers and educators have the responsibility of disseminating the customization policy and educating nurses on customization strategies. In hospitals with nurse-driven customization, there is a responsibility to provide sufficient support for nurses to learn to customize safely. Formal education must include ECG interpretation and monitor functionality (types of alarms the monitor can generate, which alarms can be altered and how, and the unit default settings). Customization education should also address the challenges previously delineated, as well as managing alarms during an acute event (when to silence, pause, or customize). Finally, it may be useful to establish customization guidelines for common situations, such as customization of atrial fibrillation and irregular heart rate alarms. Many nurses said that their education on the use of monitors and customization came from their preceptors, and this is consistent with others' findings. 25 Therefore, we should also consider ways to support preceptors' teaching of alarm customization, and include customization as part of orientation checklists.
Research is needed to explore interventions that support customization. However, customization is difficult to study because the safety of alarm customization is challenging to measure-that is, whether clinically relevant alarms were missed by inappropriate alarm customization. 26 Research is needed to assess the association between customization and outcomes like alarm rates and patient morbidity and mortality. Newer monitoring systems automatically capture data on alarm customization, which will make these data easier to obtain and more comprehensive for future research and quality improvement projects.
Limitations
This was a single-institution study, which limits generalizability and transferability of findings. The interviews were conducted over the same time period as the quantitative data collection, and it is possible that nurses changed their customization practices after participating in the interviews. However, nurses were not aware that we were collecting quantitative data on customization practices, and we described the purpose of the interviews as to understand alarm management in general, not specifically to learn about customization. We were unable to obtain contextual information for the quantitative variables and our data were cross-sectional, so we were not able to see how alarm settings were changed over the course of the patient's stay, when they were changed, or by whom. As a result, the customization practices in the quantitative data were not specific to the nurses we interviewed; however, we believe that our sampling strategies resulted in samples that were representative of the units and could therefore be integrated.
Conclusion
Customizing alarm settings enhances the clinical relevance of alarms, thereby helping to prevent alarm fatigue. In this study, we found that most patients' monitors had at least one alarm customized, with the most common being heart rate limits, irregular heart rate, and atrial fibrillation. Nurses reported considerable variability in customization practices, with many complex and interacting factors influencing their practice. Development of safe and effective nurse-driven ECG customization requires sufficient education on the monitoring system and on unit-and patient populationspecific customization challenges. The challenges to customization that we identified can inform development of implementation strategies to improve the adoption of alarm customization as a useful intervention to reduce alarm fatigue.
